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Emission of two neutrons or two protons in reactions and decays is often discussed in terms of
“dineutron” or “diproton” emission. The discussion often leans intuitively on something described
by Migdal-Watson approximation. In this work we propose a way to formalize situations of dineutron
emission. It is demonstrated that properly formally defined dineutron emission may reveal properties
which are drastically different from those traditionally expected, and properties which are actually
observed in three-body decays.
I. INTRODUCTION
The idea of final state interaction (FSI) treatment in
Migdal-Watson approximation [1, 2] is one of the basic
concepts of nuclear reaction theory. In this approach the
low-energy modification is predicted in the relative en-
ergy spectra of decay fragments interacting in the final
state. This modification is related to the spectrum of
fragments which defines pragmatic use of the approach.
The low-energy cross section in the corresponding chan-
nel (with energy E) is factorized as
dσ
dE
∼ FFSI(E)FPV (ET , E) , (1)
where FPV is the “phase volume” contribution. In three-
body decays with total decay energy ET this term is
FPV (ET , E) =
√
E(ET − E) . (2)
The FSI term is obtained as
FFSI(E) =
1
C2l
1
2ME [cot2 δl(E) + 1]
, (3)
where M is the reduced mass in the channel of interest.
The Coulomb penetration factor C0 for l = 0 is defined
via Sommerfeld parameter η
C20 (E) =
2πη(E)
exp[2πη(E)]− 1
, η(E) =
Z1Z2α√
2E/M
, (4)
and tends to unity in the case of neutral particles. For
s-wave interaction of neutral particles the FSI term can
be approximated in terms of the effective range approach
as
FFSI(E) =
a2
1 + 2ME a2
, (5)
where a is an s-wave scattering length. Thus in the orig-
inal Migdal-Watson approximation the low-energy modi-
fication of the cross section is sensitive to just one param-
eter: the scattering length in the channel of interest. For
emission of two neutrons such a behavior of relative en-
ergy distribution gives rise to the notion of a “dineutron”
particle as a specific object of research.
In spite of the fact that the “dineutron” idea is quite
old there remain several aspects of theoretical impor-
tance, explored in current studies.
(a) d(n, np)n reaction (and analogous reactions) as a tool
to study n-n scattering length. There exists a problem
of charge symmetry breaking for n-n and p-p channels
(difference in the s-wave scattering lengths). Since it is
very difficult to study neutron-neutron collisions directly,
indirect methods have to be applied (e.g. Refs. [3–5] and
Refs. therein).
(b) A Hanbury-Brown-Twiss “HBT interferometry”-like
approach for high-energy collisions [6, 7]. This “fem-
toscopy” approach allows to extract characteristics of the
collision region, from which the emission of correlated
particles is observed. It was suggested in Refs. [8–10]
that an analogous “HBT interferometry”-like approach
can be used for reactions with light exotic nuclei to ex-
tract the radial characteristics of a neutron halo. In this
work we try to find out which information can actually
be extracted in such studies.
(c) “Dineutron emission” in decays of light exotic nuclei.
The even-neutron systems beyond the neutron dripline
typically decay via direct emission of two neutrons. This
process is sometimes discussed in terms of “dineutron
emission”. The declared discovery of “dineutron emis-
sion” in decay of 16Be has recently produced a heated
discussion, see Refs. [11–13]. In this work we try to clarify
this discussion by improved assessment of its theoretical
constituents.
Some sources of current confusion in the discussion of
a “dineutron” are as follows.
(i) It is important to note that we consider emission of a
“dineutron” with low total decay energy ET . However,
it could have two physically very different sources: two-
neutron decays of low-lying resonant states or reactions
leading to population of low-lying three-body continuum.
The formal description of these situations is very differ-
2ent.
(ii) The “dineutron” is often described as a spatial cor-
relation of two neutrons in the nuclear interior caused
by the pairing interaction. It is often erroneously as-
sumed that such a compact spatial configuration should
exhibit itself as low-energy enhancement in the spectrum
of two neutrons. This vision contradicts the uncertainty
principle: a short-distance correlation should correspond
to large relative momenta. So, the considerable large-
momentum enhancement by spatial “dineutron” (caused
by pairing) should be effectively overcome in the process
of decay by the low-momentum enhancement (caused by
the final state interaction). It appears that the issue
of such an interplay defines applicability of the Migdal-
Watson approximation and it is especially addressed in
this work.
As an illustrating case of dineutron emission we have
selected the ground state decay of 26O. The latter has
recently attracted considerable attention, both experi-
mental [14–17] and theoretical [18–24]. In our previ-
ous works the two-neutron emission from the 26O g.s.
has been studied in various theoretical approximations
including sophisticated three-body decay and reaction
models [19, 23, 25]. Generally, we find the dineutron
approximation too poor and that complete three-body
calculations (treating all pairwise final state interactions
in the system on the same ground) are required to deal
with three-body decays in all their complexity. However,
using the limited model we explore two important tasks.
(1) We attempt to clarify the question how the dineutron
emission should look like if such a process takes place in
reality for whatever reason. The results of these stud-
ies could be very discouraging for those who utilize this
concept without sufficient theoretical background.
(2) We solve some methodological problems of our ap-
proach to three-body decays in fully controllable condi-
tions. This helps to further validate our results concern-
ing several complicated aspects of true 2n emission.
It should be noted that effects of nucleon-nucleon in-
teractions on three-body 2p or 2n decays were investi-
gated theoretically in several recent works [19, 26, 27].
These works demonstrated important effects of this as-
pect of final state interaction on the decay widths and
correlations. In this work we study in a sense an oppo-
site problem: starting from nucleon-nucleon FSI (given
by default as the only long-range effect) we try to under-
stand which kind of information about nuclear interior
can “pass” through such a “filter”.
II. THEORETICAL APPROXIMATIONS
The discussion of “dineutron emission” is often lack-
ing clarity because the object is loosely defined. For three
models described in this Section it is defined which phys-
ical situation is considered in each case. The first two
models described below are commonly used (or implied
to be used), while the third model is developed in this
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FIG. 1. Neutro-neutron energy correlation for dineutron emis-
sion by a two-body source function. All curves are normalized
to unity maximum value.
work.
A. Trivial two-body dineutron emission
Let us consider dineutron emission from a static source
Φ with rms radius bnn. The decay probability can in this
case be defined via the outgoing flux
dσ
dEnn
∼ jEnn =
1
M
Im
[
Ψ
(+)†
Enn
(r)∇Ψ
(+)
Enn
(r)
]∣∣∣
r→∞
, (6)
associated with wave function (WF)
Ψ
(+)
Enn
(r) =
∫
d3r′G
(+)
Enn
(r; r′)Φ(r′) . (7)
For the source function Φ defined by first oscillator WF
φ00
Φ(r) =
∑
lm
φnl(r)
r
Ylm(rˆ) ,
φ00(r) =
1
b
3/2
nn
(
54
π
)1/4
r exp
(
−
3r2
4b2nn
)
, (8)
one gets the nucleon-nucleon low-energy correlations
shown in Fig. 1. The radius parameter bnn in (8) is de-
fined in such a way that it is equal to the source rms
radius.
A simple nucleon-nucleon interaction is used in this
work, acting only in the s-wave of two neutrons and de-
fined by a potential with Gaussian formfactor
Vnn(r) = V
(0)
nn exp[−(r/r
(0))2] . (9)
For depth V
(0)
nn = −31 MeV and width r(0) = 1.8 fm
this potential produces the scattering length a = −18.7
fm. The Migdal-Watson expression provides the peak
in the n-n energy correlation spectrum at about 115-120
3keV (depending on the scattering length experimental
uncertainty aS = 18.9 ± 0.4 fm). The peak produced
for emission off a static source is somewhat different: it
is located at somewhat lower energies of 70–100 keV for
realistic “sizes” of the dineutron correlation of bnn = 3−7
fm. Also the shapes of the spectrum are quite sensitive
to the radius parameter bnn. Look for further discussion
of this issue in Section IIID.
This approximation provides some qualitative idea
about what could be called “dineutron emission”. How-
ever, there exists a unique situation in which the descrip-
tion of two-neutron emission by Eq. (7) becomes ade-
quate, see the end in the next Subsection.
B. Static three-body dineutron model
Next consider the dineutron emission from a static
source Φ consisting of two nucleon WFs occupying some
orbital configurations:
ΦJM (r1, r2) = [Φ(r1)⊗ Φ(r2)]JM . (10)
This model we refer to in the following as a static dineu-
tron model (S2nM). After conversion of this source to
Jacobi coordinates (so-called “T” system)
X = r1 − r2 , Y =
A
2(A− 2)
(r1 + r2) , (11)
(A is the mass number of the system of interest) the
dineutron emission from this source can be treated ex-
actly
Ψ
(+)
ET
=
1
Tˆ3 + Vnn − ET + iǫ
Φ , (12)
Ψ
(+)
ET ,JM
(X,Y) =
∫
d3X ′d3Y ′G
(+)
ET
(X,Y;X′,Y′)
×ΦJM (X
′,Y′) . (13)
Here the three-body kinetic energy Tˆ3 is given by
Tˆ3 =
Pˆ 2x
2Mx
+
Pˆ 2y
2My
, Mx =
Mn
2
, My =
2(A− 2)
A
Mn ,
where Mn is nucleon mass and Pˆx, Pˆy are momentum
operators conjugated to Jacobi coordinates X , Y (11).
The above three-body Green’s function G
(+)
ET
can be given
in a simple analytic form
G
(+)
ET
(X,Y;X′,Y′) =
1
2πi
∫
dExG
(+)
Ex
(X;X′)
×G
(+)
ET−Ex
(Y;Y′) , (14)
where the Y variable Green’s function corresponds to
plane wave propagation, while the X variable Green’s
function incorporates the n-n final state interaction.
The model is called “static” in the sense that the prop-
erties of the source are totally decoupled from the prop-
erties of the final state interaction. The realistic scenario
for such a model is sudden removal of the core from a two-
nucleon halo system. This is not an improbable scenario
for high-energy direct knockout reactions. For example,
it was demonstrated in Ref. [28] that about 50% of the
4He(6He,2α) cross section, even at not very high beam
energy of ∼ 25 AMeV, can be related to quasi-free knock-
out of the α core from the 6He nucleus. In such a case the
source function ΦJM can be immediately related to the
WF of the valence halo nucleons, paving way for studies
of this WF structure.
It should be noted that there exists only one approx-
imation in which the S2nM is reduced to the “trivial
dineutron emission” of the previous Section. This is real-
ized if the source function can be written in the factorized
form:
Φ(r1, r2) ≡ Φ(X)Φ(Y) . (15)
The one and only case when this is possible, is when
the J = 0 source is represented by two lowest s-wave
oscillator WFs φnl(r)
Φ(r1, r2) ≡ φ00(r1)φ00(r2) . (16)
In this case all the information contained in the nucleon-
nucleon momentum distribution is fully described by Eq.
(7). This is exactly the situation considered in the appli-
cations of the HBT interferometry ideas to high-energy
reactions: Emission of independent particles from ther-
mal source with Gaussian radial formfactor is formalized
exactly by this model. For sources stemming from low-
energy nuclear reactions this approximation is too poor
because of variety of radial nucleon WFs deviating from
Gaussian shapes and variety of angular momentum cou-
plings defined by the investigated valence nucleon config-
urations.
C. Dynamic three-body dineutron model
In the case of resonance state decays the S2nM can
not be a reasonable approximation being associated with
a certain reaction class. For resonant states in the limit
of infinite lifetime the emission process should become
totally insensitive to the population mechanism (as we
have mentioned above the S2nM can be associated with
a certain reaction class). As an adequate dynamic ap-
proximation to the dineutron emission we now consider
the following Dynamic Dineutron Model (D2nM). The
decay of a three-body system is considered by solving a
Schro¨dinger equation for WF Ψ(+) with purely outgoing
wave boundary conditions and complex energy
(Hˆ3−ET +iΓ/2)Ψ
(+)
ET
= 0 , Hˆ3 = Tˆ3+ Vˆ3(ρ)+Vnn(X) .
(17)
4The three-body Hamiltonian Hˆ3 contains nucleon-
nucleon potential Vnn, kinetic energy term Tˆ3, and phe-
nomenological three-body potential Vˆ3. The latter has
short-range behavior in the hyperradius ρ, which should
guarantee abscence of other long-range effects than those
connected with Vnn.
To solve the three-body Schro¨dinger equation Eq. (17)
we use the Hyperspherical Harmonics (HH) method and
the iterative procedure developed in Ref. [29]. In the
first step we use the hyperspherical harmonics method
with “box” outgoing boundary conditions also defining
the real part of the decay energy ET :
(Hˆ3 − ET )Ψbox = 0 .
Then the WF with outgoing asymptotic is derived solving
the inhomogeneous equation
(Hˆ3 − ET )Ψ
(+)
ET
= − (iΓ/2)Ψbox
The obtained solution Ψ
(+)
ET
may have problems with con-
vergence, connected with effective “long-range” charac-
ter of nucleon-nucleon interaction in s-wave. Near per-
fect work-around for such problems exists for simplified
Hamiltonians, which include only one or two final state
interactions and therefore there exists an analytic Green’s
function. In brief, we can rearrange Eq. (17) in the fol-
lowing way:
Ψ
(+)
ET
= −
1
Tˆ3 + Vnn − ET + iΓ/2
Vˆ3(ρ)Ψ
(+)
ET
. (18)
In the limit Γ≪ ET we again get in the right-hand side of
Eq. (18) the analytically known Green’s function Gˆ
(+)
ET
of
Eq. (14), which makes possible iterative improvement of
the solution Ψ
(+)
ET
providing the “corrected” WF Ψ
(+)
ET ,corr
Ψ
(+)
ET ,corr
= − Gˆ
(+)
ET
Vˆ3(ρ)Ψ
(+)
ET
. (19)
Convergence of the procedure is guaranteed for the short-
range potential Vˆ3(ρ). There is also a simple criterion
to check the consistency of the procedure: The resonant
state widths and three-body momentum distributions ob-
tained before and after some number of iterations of the
“correction” step should coincide.
III. WHAT AFFECTS DINEUTRON
STRUCTURE?
A. Structure effects in D2nM
In this Section we try to isolate the internal nuclear
structure effects on the dineutron emission. In D2nM
we form the required structure by selection of the three-
body potential Vˆ3(ρ) to be different for hyperspherical
components with different K values
Vˆ3(ρ) =
∑
K
V3,K
1 + exp[(ρ− aρ)/dρ]
PˆK . (20)
Here a Woods-Saxon formfactor is chosen, while PˆK is
projector on the states with definite K values.
We consider primarily the lowest excitations with Jpi =
0+. In the proposed model the lowest energy three-body
0+ WF has only one component with L = 0, S = 0,
lx = 0, ly = 0, which corresponds to a dineutron in s-
wave motion relative the core. The potential parameters
used in the calculations are listed in Table I. The total
decay energy ET for each calculation is controlled just by
the one running parameter V3.
The results are shown in Fig. 2. The upper panels il-
lustrate the spatial correlations in the “T” Jacobi system
(X is distance between two neutrons and Y is distance
between n-n center of mass and heavy fragment). The se-
lection of a structure strongly dominated by the K = 0,
K = 2, or K = 4 component by potential in Table I,
leads to corresponding population of very pure [s2], [p2],
and [d2] quantum configurations. Domination of these
structures is clearly seen in Fig. 2 (a), (b), and (c) as
presence of one, two, or three peaks of the WF in the
internal region. Such correlation patterns are connected
with Pauli principle and are often referred to as “Pauli
focusing”, Ref. [30].
The energy correlations between two emitted neutrons,
for WFs with corresponding internal structures, are illus-
trated in lower panels of Fig. 2. They are expressed in
terms of fractional energy variable
ε = Enn/ET .
It is shown that for decay energies ET < 150 keV the
obtained correlations are relatively close to the three-
body “phase volume”
dσ/dε ∼
√
ε(1− ε) .
Thus, for such decay energies the n-n FSI is not strong
enough to noticeably modify the phase volume distribu-
tion. Only at about ET ∼ 500 keV do the correlation
patterns begin to deviate considerably from the phase
volume decay. At this and higher energies the structure
effects are seen to play a dominant role.
For the n-n decay of the [s2] configuration the D2nM is
providing expected results with explicit low-energy peak
associated with n-n final state interaction. With energy
increase this peak becomes sharper and sharper in the
ε variable. However, if we plot the energy correlation
TABLE I. Depth parameters of the three-body potential Vˆ3(ρ)
in Eq. (20) which are used for calculations providing different
dominant [l2]0 configurations. Geometry parameters aρ = 4
fm and dρ = 0.8 fm were also used.
Case V3,0 V3,2 V3,4
[s2] V3 0 0
[p2] 200 V3 0
[d2] 200 200 V3
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X  (fm)
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
(c)
[d2]0
0 5 10 15 20
0
5
10
15
X  (fm)
Y 
 (f
m
)
(a)
[s2]0
0 5 10 15 20
X  (fm)
(b) [p2]0
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
1.0
  Phase vol. 
D2nM  ET (keV)
            5 
           50
         150 
         500
        1000
        2000
        3000d
/  d
   
(a
rb
. u
ni
ts)
 =Enn / ET
[s2]0
(d)
0.0 0.2 0.4 0.6 0.8 1.0
 
(e)
 =Enn / ET
[p2]0
0.0 0.2 0.4 0.6 0.8 1.0
 
(f )
 =Enn / ET
[d2]0
FIG. 2. Spatial correlations in the internal region are illustrated by the real part of the decay WF Ψ
(+)
ET
for ET = 50 keV.
Panels (a), (b), and (c) correspond to calculations showing, in the internal region, dominant [s2]0, [p
2]0, and [d
2]0 configurations,
respectively. Energy correlations between two neutrons for different total decay energies ET are given in corresponding panels
(d), (e), and (f). Gray lines show the three-body phase volume distribution. All surfaces and curves are normalized to unity
maximum value.
in terms of real n-n relative energy Enn, one can see in
Fig. 3 that for decay energies ET > 150 keV the Enn
peak position drifts slowly to higher energies. The peak
position is stabilized at energies Enn ∼ 80 − 90 keV for
ET ∼ 500 keV and depends only very weakly on ET
after that. To get the Enn peak values above 100 keV,
the decay energies ET exceeding 5 MeV are required.
For the n-n decay of the [p2] configuration the energy
evolution of the decay patterns is much more compli-
cated. First at about ET ∼ 500 keV a kind of “an-
tidineutron” is formed, providing peak at ε > 0.5 values.
At around ET ∼ 1 MeV in addition to “antidineutron”
an expected dineutron low-ε peak arises. At even higher
energies ET > 2 − 3 MeV the dineutron peak becomes
the dominant feature of the spectrum, but integral inten-
sities in the dineutron and antidineutron configurations
are about equal. This evidently reflects the double-hump
internal spatial configuration of the [p2] structure. So, we
can conclude here that for decays with sufficiently high
decay energies the n-n momentum distributions formed
by n-n FSI can be used to extract information on the
internal nuclear structure.
For the n-n decay of the [d2] configuration the most
odd-looking results are obtained. It is clear that the cor-
relation patterns for decay energies above ET ∼ 1 MeV
tend to reflect the triple-hump configuration of the WF
in the internal region. However, in contrast to the [p2]
case, no pronounced low-energy n-n peak is obtained in
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FIG. 3. The energy distributions for relative energy Enn be-
tween two neutrons, are shown for different total decay ener-
gies ET . The results are for calculations with dominant [s
2]0
configuration in the nuclear interior, see Fig. 2 (a,d). All
curves are normalized to unity maximum value.
the whole considered ET domain.
We observe that, in contrast to common expectations,
if we assume that the decay process is totally governed by
n-n FSI, this does not mean that a simple picture with
a single low-energy “dineutron” peak is obtained. The
important prerequisite for the latter is dineutron emission
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FIG. 4. Three-body WFs Ψ(+) (real part) calculated with
different three-body potential width parameters aρ (equal 3
and 7 fm) and ET = 150 keV. All surfaces are normalized to
unity maximum value.
from a [s2] configuration.
B. System size effect in D2nM
As we have mentioned above that an important moti-
vation for n-n correlation studies was connected with the
idea that the spatial size of the emitting n-n configuration
may be established. As we have shown in Section IIIA
the results for emission from [p2] and [d2] configurations
contain a lot of information about structure and cannot
be the right tool here. Hence we study this aspect of the
model using [s2] configuration decay, demonstrating an
easier way for interpretation of results.
To vary the nuclear system size we have performed cal-
culations with three-body potential V3 radius chosen to
be strongly different from that in Table I Section IIIA.
The real part of three-body WFs Ψ
(+)
ET
obtained with
aρ = 3 fm and aρ = 7 fm are shown in Fig. 4. It is clear
that the radial extent of the nuclear system in the two
cases is drastically different. The energy distributions be-
tween two neutrons associated with dineutron emission
are given in Fig. 5 for three different total decay energies
ET . We see that variation of the size of the emitting
system practically does not affect the n-n correlations.
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FIG. 5. Dineutron sensitivity to the size of the emitting 3-
body system. The energy distributions between two neutrons
are shown for two different three-body potential size parame-
ters aρ (equal 3 and 7 fm) and for different total decay energies
ET . All curves are normalized to unity maximum value.
C. System geometry effect in S2nM
The observation of the previous Subsection is in strong
contrast to expectations. How could it be that the dis-
tance between neutrons in the emitting source does not
affect the observed n-n correlations? It can be under-
stood recalling that in the method used for variation of
the nuclear size we actually vary the ρ value for the whole
system. This means that we synchronously change both
the mean sizes in X and Y coordinates. Let us con-
sider analytic source function (15) for static emission of
a dineutron which allows to vary the ratio 〈X〉/〈Y 〉:
Φ(X,Y) = Φ(X)Φ(Y) , (21)
where the radial functions Φ(r) are defined by Eq. (8).
The results are shown in Fig. 6 and they really demon-
strate that even for emission from pure [s2]0 configura-
tion, a broad variety of different energy distributions is
possible. Here we have to conclude that in contrast with
common expectations, even for emission from [s2] config-
uration the dineutron correlation is sensitive not so much
to the mean distance 〈X〉 of the emitting source, but to
the “geometry” of the source — the ratio of 〈X〉 and 〈Y 〉.
D. Static emission of dineutron vs. Migdal-Watson
approximation
The above calculations demonstrate broad variety of
dineutron correlation patterns depending on emission
conditions. A natural question here is: Why is the
Migdal-Watson picture so widespread used as generic un-
derstanding of dineutron emission phenomena? Fig. 7
compares the energy distributions obtained in the D2nM
for [s2]0 case with Migdal-Watson results, showing that
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FIG. 6. Neutron-neutron energy correlation for S2nM emis-
sion of dineutron from sources with different three-body T-
system “geometries”. Two cases are illustrated: (a) ET = 0.5
MeV, 〈X〉 = 3 fm and (b) ET = 3 MeV, 〈X〉 = 6 fm, while
the rms 〈Y 〉 distance is varied. All curves are normalized to
unity maximum value.
for different energies they agree extremely well. What
is the reason — is this type of correlation by necessity
obtained for emission from a [s2]0 configuration? If we
study systematically the correlation dependence on ge-
ometry of the source for static dineutron emission, the
reason becomes clear. Fig. 6 shows examples of correla-
tion evolution for systematic variation of the source ge-
ometry in S2nM. There is a broad variety of possible
correlation pictures. We find, however, that for certain
geometries, namely, for
〈Y 〉 . 〈X〉 . 2〈Y 〉 , (22)
the correlations vary quite slowly and approach the
Migdal-Watson results. It is clear that we can define
a ratio of 〈X〉 and 〈Y 〉 values such that S2nM results
coincide with Migdal-Watson, see Fig. 8.
To interpret these results we should recall that for
an independent particle model with two nucleons pop-
ulating the same orbital configurations the condition
〈X〉 = 2〈Y 〉 is satisfied (or what is the same, the av-
erage angle between two nucleons is equal to π/2). In re-
ality the nucleon-nucleon interaction leads to formation
of a closer configuration of two nucleons in the nuclear
interior, which is also often referred to as “dineutron”.
This leads to smaller 〈X〉/〈Y 〉 values compared to that
in the independent particle model. The realistic values
reside exactly in the range given above by Eq. (22). To
illustrate this statement the calculated geometrical char-
acteristics of some two-nucleon halo systems are provided
in Table II. The geometry of continuum WFs obtained
in the D2nM can be roughly estimated via the WF main
peak position in the {X,Y } plane, see Figs. 2 (a) and 4.
It also satisfies the condition in Eq. (22).
We conclude that the Migdal-Watson approximation
for dineutron emission (n-n FSI totally defines the de-
cay dynamics) works nearly perfect when the [s2]0 source
geometry is defined by formation of spatial “dineutron”
correlation induced by pairing interactions in the internal
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FIG. 7. Energy distributions for relative energy Enn between
two neutrons calculated in D2nM, are given for different total
decay energies ET and compared with Migdal-Watson approx-
imation (thin solid curves of the same color). The calculations
correspond to dominant [s2]0 configuration in the nuclear in-
terior. All curves are normalized to unity maximum value.
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FIG. 8. Ratio between 〈X〉 and 〈Y 〉 values at which the Enn
energy correlation for S2nM emission from a [s2] configuration
coincides with one obtained in Migdal-Watson approximation.
Solid and dotted curves correspond to total decay energies
ET equal 0.5 and 3 MeV respectively. The hatched region
qualitatively corresponds to realistic relations between 〈X〉
and 〈Y 〉 values. The nuclei mentioned in Table II are shown
by blue diamonds.
nuclear region.
IV. DISCUSSION
A. General
The emission of two nucleons is often discussed in
terms of a dominating “diproton” or “dineutron” decay
mechanism. In this work we have tried to bring some
clarity to the issue by constructing a model which allows
8to explicitly isolate effect of the nucleon-nucleon final
state interaction. Based on the obtained results we can
conclude that from a theoretical formal point of view the
common vision of “dineutron” as a low-energy enhance-
ment in the the nucleon-nucleon energy distribution is
not substantiated.
It seems that in the discussions of dinucleon emission
there is some misunderstanding about relation of neces-
sary and sufficient conditions. If we observe low-energy
emission enhancement in the nucleon-nucleon spectrum
this enhancement is evidently connected with N -N FSI.
This condition can be regarded as necessary, because the
huge scattering length in the N -N channel (∼ 20 fm)
means that in nuclear physics we do not have systems
which can emit nucleons in such a way that they are out-
side the FSI range. This thing is unavoidable and thus
trivial. However, as we have shown in this work for vari-
ous emission conditions, the presence of N -N FSI as the
only factor governing two-nucleon emission does not lead
to a unique result (low-energy emission enhancement in
the nucleon-nucleon spectrum). Even in the simplified
dineutron theoretical model the major factors defining
the nucleon-nucleon relative energy distributions in the
final state are structure and spatial distributions in the
internal region.
This result strongly discourages discussion of nucleon-
nucleon correlations, observed in reactions and decays,
in loosely defined terms such as a “diproton” or “dineu-
tron” reaction mechanisms. In contrast it supports our
confidence that comprehensive treatment of three-body
decay mechanisms in all their complexity is a promis-
ing approach for extraction of information about nuclear
interior and reaction mechanisms.
B. Lifetimes in the D2nM by example of 26O
Here we consider how the lifetimes obtained in D2nM
are compared with results of different decay models. This
is illustrated by example of 26O g.s. 2n decay, see Fig. 9.
The “direct decay model” estimates [25] assume inde-
pendent emission of nucleons from definite shell config-
urations. This model contains sensitivity to interactions
TABLE II. T-geometry of several bound three-cluster (e.g.
two-nucleon halo) systems residing near the dripline obtained
in the three-body cluster model calculations. The 3H prop-
erties are trivially inferred from experimental data on charge
radius.
Nucleus Model 〈X〉 〈Y 〉 〈X〉/〈Y 〉 Ref.
3H n+n+p 2.85 2.47 1.15 [31]
6He 4He+n+n 4.77 3.69 1.29 [32]
11Li 9Li+n+n 6.69 5.55 1.21 [33]
17Ne 15O+p+p 4.45 3.06 1.45 [34]
22C 20C+n+n 7.87 4.99 1.58 [35]
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FIG. 9. Lifetime of the 26O g.s. in D2nM (black curves) for
different structure assumptions are compared with direct de-
cay model estimates of [25] (gray curves) and three-body cal-
culations [19] (hatched area between red dashed curves).
in the core-nucleon channel, while the nucleon-nucleon
FSI is neglected. The D2nM results provide similar de-
pendence of the decay width on energy in a broad energy
range in the assumption about direct emission of nucleons
off [s2]0 configuration. However, the decay is about one
order of the magnitude faster in the case of D2nM. This
is evidently connected to additional boost for 2n pene-
tration due to n-n interaction in the subbarrier region.
This observation is also consistent with results of 2p de-
cay studies: the “diproton decay” estimates are providing
the largest width values among all models, typically con-
siderably overestimating widths relative to experiment
[36].
Three-body model calculations of 26O decay from Ref.
[19] demonstrated strong sensitivity of width to details
of core-n interactions, indicated by hatched area between
red dotted curves in Fig. 9. It can be seen in the Figure
that D2nM calculations with realistic assumption about
[d2] structure of 26O g.s. provide results consistent with
complete three-body model calculations. So, application
of the D2nM for lifetime estimates seems to be correct
within an order of magnitude.
C. Correlations in the decay of 26O
Another issue for D2nM is how correlations between
neutrons compare to results obtained in different mod-
els. This is illustrated by example of low-energy 2n decay
of the 26O ground state, see Fig. 10. This figure shows
both the energy correlations for parameter ε = Enn/ET
and angular correlations for angle θnn. The hyperspheri-
cal method provides convenient instruments for construc-
tion of all possible types of correlations [36]. The ε
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FIG. 10. Neutron-neutron correlations in the decay of 26O g.s.
in D2nM, ET = 150 keV — black curve in panel (a), in three-
body models of Refs. [19], ET = 75 keV — red dashed curves
in panels (a) and (b), [21], ET = 150 keV— green dash-dotted
curve in panel (b), and [37], ET = 150 keV — blue dotted
curve in panel (b). Energy distributions are normalized to
unity maximum value; angular distributions are normalized
for integration over d cos(θnn).
and θnn correlations are not independent and reflect the
same type of correlation dynamics in different representa-
tions. For consistency with our previous works (e.g. Refs.
[19, 36]) θnn is defined as the angle between momenta kn1
and −kn2 . It should be noted that angle θnn in Fig. 10 is
defined as π−θ˜nn, where θ˜nn is angle in [21, 37]. It can be
seen that all the previous three-body model calculations
[19, 21, 37] predict similar correlations behavior which
can be interpreted as effective repulsion between neu-
trons in the final state (average angle between neutron
emission directions is more than 90 degrees). In contrast
the D2nM predicts small effective attraction: The peak
in the energy distribution is shifted to slightly smaller ε
values than for the “phase space” distribution shown for
reference in Fig. 10 (a). So, for correlations, the “dineu-
tron” assumption provides a qualitatively wrong trend in
the case of low-energy 26O g.s. decay.
D. Correlations in the decay of 5H
D2nM calculations for decay of a [s2] configuration
demonstrate nice agreement for n-n with Migdal-Watson
approximation, see Fig. 7. Also we found that for low
total decay energies ET > 150 keV some kind of scal-
ing behavior is obtained, see Fig. 3: The peak in the Enn
spectrum slowly drifts to higher energies with total decay
energy ET increase. It is interesting to note that analo-
gous scaling behavior was observed in the studies of two-
neutron decay of 5H [38], see Fig. 11. The Enn relative
energy spectra were carefully reconstructed in this work
for several decay energies of 5H. However, what we see is
that the drift of the Enn peak to higher energy in data
continues up to ET = 5 MeV — the maximal energy ob-
tained in this experiment. So, we see that ET evolution
of low-energy peak in Migdal-Watson approximation is
strongly different from the experimentally observed pic-
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FIG. 11. The experimental n-n relative energy spectra for 5H
from Ref. [38] reconstructed for different total 5H decay ener-
gies ET . Thin solid lines of the same color in panel (a) show
the Migdal-Watson approximation for the same energy. The
D2nM calculations for decay of [p2]2 configuration are given
in panel (b). All curves are normalized to unity maximum
value.
ture.
Some precaution is needed here because the majority
of the mentioned spectrum is connected with the decay of
excited states of 5H expected to have [p2]2 orbital config-
uration. Within D2nM it is possible to study the decay
specifically of this configuration. Compared to Migdal-
Watson results (and data as well) the D2nM provides
here the low-energy peak even at lower energies. The
double-hump structure connected with decay of [p2]2 con-
figuration and observed in the decay of 5H is present in
D2nM results. However, the calculated energy trend pre-
dicts enhancement of the large ε hump with energy ET ,
while in experiment decrease was actually observed.
Thus none of the predicted “dineutron” trends is sup-
ported by the experimental data.
E. HBT-like approaches to n-n correlations
The neutron-neutron correlations in the “trivial dineu-
tron” treatment of Section IIA depend only on one pa-
rameter — the radial size of the neutron source. If we in-
tegrate the S2nM correlation spectrum (see Section II B)
over the momentum connected with motion in the Y
variable, we retain only the information about neutron-
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neutron relative distance [this is especially evident for
the factorized source (15)]. This fact defines the use of
intensity interferometry approach as a femtoscopy tool in
high-energy physics. The idea to use the n-n correlations
in the decays following reactions with exotic nuclei has
two obstacles.
(i) For decay of higher shell configurations (such as [p2]
and [d2]) even such an integral correlation information
cannot be straightforwardly related to radial character-
istics of the source.
(ii) Technically the existing experimental setups are ar-
ranged in such a way that their acceptance for 2n events
is drastically falling with total energy of two neutrons in
the projectile frame. This fall is typically taking place in
the energy range 1–3 MeV. For this reason we consider
the two-neutron events with energy maximum ET value
of 3 MeV in this work. We have demonstrated that n-n
correlations with such fixed total decay energy could be
sensitive to structure, geometry, but not to radial size of
the spatial n-n correlation.
These issues probably makes the interpretation of the
neutron-neutron correlation data in Refs. [8–10] not quite
consistent.
V. CONCLUSIONS
The dineutron emission is studied in this work in three
different models, each with application to a certain real-
istic scenario. The new development we introduce in this
work is the Dynamic Dineutron Model (D2nM) which
combines semirealistic internal structure for the nuclear
interior with a nucleon-nucleon interaction solely govern-
ing the emission process. This model is a subset of the
complete three-body problem which allows nice illustra-
tion of an efficiently isolated “dineutron emission” aspect
of this problem. We argue that if we discuss the dineu-
tron emission at all, this should be within a formally
correct realization of a theoretical description for such a
process.
The results of this work require to critically reconsider
several issues which are essential for current investiga-
tions. In particular we have demonstrated the following:
(i) The low-energy n-n correlation is typically a testing
ground for indications of “dineutron emission”. We have
to state that from a formal point of view a broad va-
riety of “dineutron” correlation patterns is possible. A
single low-energy peak, even within the simplified D2nM
assumptions, should be the indication of emission from
[s2] configuration strictly with certain geometry.
(ii) We found that the idea to define the size of the emit-
ting region via n-n correlations, inherited from the HBT-
like approach in high-energy physics, does not work for
nuclear decays and reactions where sources have definite
shell structure and spin-parity. Even for emission from
[s2] configuration, dineutron correlation is sensitive to the
exact geometry of the internal WF (e.g. average angle
between neutrons).
(iii) We have given an illustrative explanation why the
Migdal-Watson approach works well in the nuclear sys-
tems. It is shown that Migdal-Watson-like correlation
patterns originate from [s2] configurations, where two
neutrons are more focused in space than in the indepen-
dent particle case. This is a natural WF geometry effect
of the attractive pairing interaction in a nucleus and thus
such a spatial configuration is typically “pre-conditioned”
for many processes of two-neutron emission.
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